Background: At present, the exclusion for percutaneous pulmonary valve implantation for free pulmonary regurgitation after tetralogy of Fallot repair includes an unfavourably large right ventricular outflow tract. Objective: To report feasibility and early experience with a recently developed transcatheter heart valve, Venus P-valve TM , implanted in six patients with severe pulmonary regurgitation with large right ventricular outflow tracts. Patients: There were two female patients and four male patients. The median age of the patients was 18.5 years, and the mean body weight was 53.8 kg. All the patients were in NYHA class II and had severe pulmonary regurgitation after previous transannular patch repair of tetralogy of Fallot. The median time after the last surgical operation was 13.5 years. Results: The Venus P-valve TM was successfully implanted in all the patients with implanted valve diameters ranging from 24 to 32 mm. The mean fluoroscopy time was 29.8 minutes. None of the patients had significant outflow tract gradient or pulmonary regurgitation immediately after valve implantation. Only one patient had unexpected mild proximal valve migration to the right ventricular body during withdrawal of the delivery system. It caused mild paravalvar leak and significant tricuspid regurgitation. At 6 months follow-up, the median of right ventricular end-diastolic volume indices decreased from 146 to 108 ml/m 2 (p-value = 0.046). The Doppler systolic peak gradient across the valve ranged from 4 to 40 mmHg, and there was no evidence of stent fracture on fluoroscopy or structural valve failure. Conclusion: The Venus P-valve TM can be implanted successfully and effectively in patients with severe pulmonary regurgitation and a large right ventricular outflow tract. The early results with this valve are encouraging.
P ERCUTANEOUS PULMONARY VALVE IMPLANTATION IS a recognised alternative to repeated surgery in those patients who develop significant pulmonary regurgitation with or without right ventricular dysfunction after previous surgical repair. 1 At present, however, exclusions for percutaneous valve implantation include unfavourably large right ventricular outflow tracts or those patients with native right ventricular outflow tracts or those in whom there is no stenosis in the right ventricular outflow tract. [2] [3] [4] The Venus P-valve TM (Venus Medtech, Shanghai, China) is a recently developed self-expanding transcatheter heart valve, designed to adapt to a dilated right ventricular outflow tract. A report from an experimental study has demonstrated excellent valve function after implantation. 5 Recently, Cao et al 6 reported initial satisfactory results after Venus P-valve TM implantation in five patients. The aim of our study was to report the feasibility and the early results of percutaneous implantation of the Venus P-valve TM in the pulmonary position in six patients. The local institutional ethics committee approved this study.
Materials and methods Patients
The indications for percutaneous pulmonary valve implantation were tetralogy of Fallot patients after previous surgical repair using transannular patch technique, who fitted the following inclusion criteria: severe pulmonary regurgitation on transthoracic echocardiogram 7 and pulmonary regurgitant fraction >30% on cardiac magnetic resonance study, increased right ventricular end-diastolic volume index >150 ml/m 2, 8 unless right ventricular ejection fraction is <45% in the presence of lower right ventricular end-diastolic volume index, symptoms such as deterioration of functional class, shortness of breath, the pulmonary valve annulus or conduit size of >18 mm and <30 mm from cardiac MRI, no significant right ventricular outflow tract or main pulmonary artery narrowing, and no significant obstruction of the proximal branches of the pulmonary artery. The patients who were excluded were those with body weight <30 kg, occluded central veins, and unfavourable right ventricular outflow tract anatomy, such as potential for coronary artery compression, or aneurysmal dilation, or tortuosity of the main pulmonary artery. Furthermore, patients with a pyramid-shaped right ventricular outflow tract were considered unsuitable for implantation of the Venus P-valve.
Between May and December, 2013, 23 patients were evaluated for the possibility of further valve replacement. All the patients were initially evaluated by transthoracic echocardiography to assess: the right ventricular dimension and function, severity of tricuspid regurgitation and right ventricular systolic pressure estimation, right ventricular outflow tract gradient from the Doppler velocity, 9 and the degree of pulmonary regurgitation by color flow Doppler echocardiography. 7 Subsequently, cardiac MRI was performed to define the size and the anatomy of the right ventricular outflow tract and pulmonary artery, in order to measure the left and right ventricular volumes and functions and to calculate the pulmonary regurgitant fraction.
In all, six patients fitted the inclusion criteria and underwent percutaneous implantation of the Venus P-valve TM . There were four male and two female patients, ranging in age between 16 and 21 years (median 18.5 years) and ranging in weight between 35 and 69 kg (mean 53.8 kg). All the patients had undergone complete correction of tetralogy of Fallot at ages ranging from 4 to 6.5 years. All the patients had severe pulmonary regurgitation and were in NYHA functional class II. Each patient and/or parent signed the informed consent before the procedure. Percutaneous Venus P-valve TM implantation was considered on compassionate use basis.
Of the remaining 17 excluded patients, 10 had main pulmonary artery diameters in excess of 30 mm or had unfavourable right ventricular outflow tract/ pulmonary artery anatomy such as short pyramidshaped right ventricular outflow tract or acute takeoff angle of the left pulmonary artery and were referred for surgical valve replacement; seven patients, who had pulmonary regurgitation but with no right ventricular volume overload or right ventricular systolic dysfunction, have been managed conservatively.
Pre-procedure evaluation Between 3 and 6 months before the valve implantation procedure, cardiac catheterisation was performed for complete haemodynamic assessment and measurements of the right ventricular outflow tract and pulmonary artery pressures and dimensions. Angiograms were performed in the main pulmonary artery and right ventricular outflow tract in the antero-posterior or right anterior oblique with cranial angulation and lateral projections. Measurements of the maximum systolic diameter of the right ventricular outflow tract, the main pulmonary artery at the mid-part and its bifurcation, the maximum systolic diameter of the proximal and distal pulmonary artery branches, and the length from the right ventricular outflow tract to the pulmonary artery bifurcation were obtained (Fig 1) . Simultaneous left coronary angiography and inflation of a sizing balloon in the main pulmonary artery were routinely performed to assess the expansibility and the diameters as well as the proximity of the left coronary artery to the right ventricular outflow tract. The reason for the pre-procedural cardiac catheterisation was to provide essential information for the manufacturing company (Venus Medtech) to manufacture a suitable selection of valves for each patient. This process can take up to 4 weeks.
Valve and delivery system
The Venus P-valve TM consists of a stent of a Nitinol frame, and the valve leaflets are made of porcine pericardium preserved in low-concentration solutions of buffered gluteraldehyde and are hand-sewn to the multi-level self-expanding Nitinol frame. The frame has proximal and distal flares to anchor the valve in the right ventricular outflow tract and pulmonary artery bifurcation. The proximal flare is completely covered by pericardial tissue, whereas the distal flare is an open cell wire frame allowing access into the pulmonary artery branches. The middle part is a fully covered housing of the valve intended to expand in the main pulmonary artery. For ease of identification, there are three radiopaque platinum markers at the proximal flare to identify the valve location. The diameters and the lengths of the middle part range from 18 to 34 mm (with 2 mm increments) and from 20 to 35 mm (with 5 mm increment), respectively. After cardiac magnetic resonance and angiographic evaluation, the valve length can be selected to match the length of the main pulmonary artery, in order to reduce the possibility of obstruction of the right ventricular body or pulmonary artery branches and to reduce paravalvar leak. The proximal and distal flare diameters are 10 mm larger than the middle segment. There are two small "ears" at the proximal part of the valve for attachment to the delivery system.
There are two types of Nitinol framesthe modular design and the unibody design. The modular design (Fig 2) is the first-generation design valve that has three sectionsdistal, proximal, and centralas individual modules and are connected together by surgical sutures. This design can have each module adjusted easily according to the patient anatomy. The next-generation of frames is the unibody design ( Fig 3) . The frame is made of a single Nitinol tube by laser slotting and shape setting. This design improves the frame integrity; however, manufacturing of the different sizes to fit the anatomy of all the patients is more time-consuming and costly.
The delivery system (Fig 4) consists of a 20-22 Fr capsule and a 16 Fr 100-cm-long shaft, with a rotating handle for deployment of the valve. The valve prosthesis is loaded into the capsule by submerging the Nitinol frame in sterilised cold saline solution and crimping the frame with a crimper provided by the manufacturer.
Procedure and follow-up
All the procedures were performed under general anaesthesia and access was obtained through both the femoral veins and one femoral artery. Heparin 100 U/kg was administered to maintain activated clotting time of >250 seconds. Although transoesophageal echocardiography was used during the procedure to monitor the right ventricular outflow tract before and after the valve implantation, it was not used routinely. Haemodynamic assessment was repeated with recording of the right ventricular, main pulmonary artery, and aortic pressures. The right ventricular outflow tract and pulmonary artery dimensions were re-assessed from the angiograms in the antero-posterior or right anterior oblique with cranial angulation and lateral projections. A 260-cmlong 0.035" Lunderquist extra-stiff guide wire (Cook Medical, Bloomington, IN, United States of America) was positioned in the distal left lower pulmonary artery branch. Before valve implantation, balloon interrogation of the right ventricular outflow tract was repeated with a low-pressure 34-mm diameter 4-cm-long Amplatzer TM Sizing Balloon Catheter (St. Jude Medical, Saint Paul, MN, United States of America) before the final valve selection ( Fig 5) . The selected valve diameter was 2-4 mm larger than the balloon inflation diameter at its waist, whereas the selected mid-body length was equivalent to the distance from the right ventricular outflow tract to pulmonary artery bifurcation. After preparation of the valve with prolonged rinsing with 2000 ml of normal saline for at least 10 minutes, the valve was manually crimped in a bath of cold normal saline onto a 20-22 Fr delivery system. The valve assembly was passed through a 22 Fr Check-Flo ® Performer Extra-Large Introducer sheath (Cook Medical) and manipulated over the Lunderquist guide wire. The distal carrot tip of the assembly was positioned in the proximal left pulmonary artery.
Frequent check angiograms through a pigtail catheter placed in the main pulmonary artery were performed, as the distal flare of the valve was slowly deployed by clockwise rotation of the releasing knob. The valve position was adjusted after check angiograms before it was fully deployed. When the middle segment of the valve is exposed, if it is fully opposed to the main pulmonary artery, and because this stent segment is fully covered, there may be hypotension or bradycardia from low pulmonary blood flow for a brief period. The valve has to be deployed rapidly to allow normalisation of the cardiac output. After deployment, the right ventricular and pulmonary artery pressures were measured and angiography in the main pulmonary artery was repeated ( Fig 6) . Haemostasis of the femoral venous access site was achieved with a Perclose Intravenous cefazolin 100 mg/kg/day was administered for the initial 24 hours in all the patients.
Continuous infusion of heparin 10 U/kg/hour was administered for 24 hours after the procedure. This was changed to sub-cutaneous enoxaparin at a dose of 1 mg/kg/dose every 12 hours for an additional 2 days. The patients were discharged on oral aspirin 3-5 mg/ kg/day for at least 6 months. The patients were assessed on day 1 after the procedure and were scheduled for outpatient visits at 1, 3, and 6 months and yearly thereafter. The follow-up included clinical evaluation, electrocardiogram, chest X-ray, and transthoracic echocardiography. In addition, at 6 months after the procedure, cardiac magnetic resonance and fluoroscopy were performed to assess the function of the implanted valve, framework integrity, and changes in right ventricular dimensions and function.
Statistics
Continuous variables are expressed as mean ± standard deviation or median (interquartile range, IQR), whereas categorical variables are presented as numbers. Comparison of parameters before and after Deployment sequence. The valve assembly was placed in the proximal part of the left pulmonary artery with partial exposure of the distal flare (a). By clockwise rotation of the releasing knob, the body and the proximal flare were exposed (b). After the valve was completely exposed, it was automatically detached from the delivery system and re-adjusted itself to conform to pulmonary artery anatomy (c). The delivery system was then withdrawn from the pulmonary artery. Post-implant angiography showed a competent pulmonary valve (d). The median time after the last surgery was 13.5 years (range 10.7-15.3 years). During the procedure, the angiographic diameter of the main pulmonary artery measured between 21 and 28 mm (mean 23.8 ± 2.9 mm), whereas the maximum diameter by balloon interrogation measured between 21 and 30 mm (mean 25.7 ± 3.1 mm). The length of the right ventricular outflow tract to the main pulmonary artery measured from 23 to 36 mm (mean 30 ± 4.8 mm). The difference of the measurements of the main pulmonary artery between the cardiac magnetic resonance and the balloon interrogation ranged from −2 to 4.7 mm ( Table 2) .
The Venus P-valve TM was implanted successfully in all the patients. The implanted valve diameters ranged from 24 to 32 mm, whereas the length of the middle part was 30 mm in 5 and 20 mm in one patient. The procedure times ranged from 94 to 130 minutes (mean 114 ± 14.6 minutes), and the There was one procedure-related complication (patient #6). Owing to incomplete detachment of the "ear" of the valve at release, the implanted valve migrated a few millimetres proximally into the right ventricle, during the retrieval of the delivery system (Fig 7) . Trans-oesophageal echocardiogram of this patient showed moderate tricuspid regurgitation due to tethering of the septal leaflet from the valve scaffold. There was no outflow tract pressure gradient after the procedure. Immediate angiography in the main pulmonary artery and trans-oesophageal echocardiography after valve implantation revealed a competent pulmonary valve with minimal leakage. It was decided to continue observation of the patient. The procedural information is shown in Table 2 .
Follow-up cardiac magnetic resonance and transthoracic echocardiography 6 months after implantation of the valve showed sustained reduction of the pulmonary regurgitation in all the patients (Tables 3  and 4 ). The median pulmonary regurgitant fraction and right ventricular end-diastolic volume index were 2.5% (range 2.1-8%, IQR 2.25-4.77%) and 108 ml/m 2 (range 74.1-173.58 ml/m 2 , IQR 86.62-131.82 ml/m 2 ), respectively. The overall median pulmonary regurgitant fraction (Fig 8) and right ventricular end-diastolic volume index (Fig 9) decreased significantly 6 months after the Venus P-valve implantation. There was no evidence of paravalvar leak in any of the patients as determined by transthoracic echocardiogram. In only one patient (patient #6), the right ventricular enddiastolic volume index increased slightly from 167 to 174 ml/m 2 due to tricuspid regurgitation. Patient #1 had Doppler-derived right ventricular outflow tract gradient of 40 mmHg on echocardiography at the 6-month follow-up; however, followup cardiac magnetic resonance scan showed a pressure gradient of 17 mmHg. All the patients have remained well in NYHA functional class I, except patient #6, who has remained in functional class II. Conservative management is being continued in this patient, with a plan to repeat the cardiac magnetic resonance study. No stent fracture was demonstrated on fluoroscopic follow-up at 6 months.
Discussion
Progressive dilation of the large right ventricular outflow tract and pulmonary regurgitation usually occurs in patients with tetralogy of Fallot after 12 although the newer generation of 29 mm SAPIEN XT TM valve has become available for implantation in the aortic valve position. Both these valves are mounted on a balloon-expandable stent platform, and both require pre-stenting to create an optimal landing zone and to reduce the chances of stent fracture or stenosis of the framework after valve implantation. [11] [12] [13] For right ventricular outflow tracts >26-27 mm or native outflow tracts, which have a transannular patch or are very expansile, prestenting followed by implantation of these valves is very challenging. The concept of right ventricular outflow tract reducer was reported in 2010, but further studies with the larger-sized Medtronic valve are awaited. 14, 15 With a self-expanding platform design, the Venus P-valve TM can conform to a dilated and curved structure of the right ventricular outflow tract. Furthermore, there is no need for pre-stenting to create a landing zone. This valve is currently available up to a maximum diameter of 34 mm, which is suitable for the outflow tract diameter of up to 30-32 mm. Furthermore, the lower radial force of the nitinol framework may reduce the likelihood of coronary artery compression after implantation. This is an important risk associated with other available valves, which need pre-stenting; [11] [12] [13] however, the Venus P-valve TM is currently not suitable for patients with important fixed obstructions of the main pulmonary arteries, such as conduits, proximal pulmonary artery branches, or the right ventricular outflow tract.
There are some important technical considerations that need to be emphasised. The most crucial step for the Venus P-valve TM implantation is the initial detailed anatomical assessment. Evaluation of the stretch diameters of the right ventricular outflow tract, main pulmonary artery and its branches, as well as proximity of the coronary artery to the intended landing zone, must be performed in all cases. Although previous cardiac magnetic resonance is very helpful for the selection of patients, for the choice of the valve diameter, more detailed assessment is required. This includes previous measurements of the right ventricular outflow tract and main pulmonary artery diameter at different levels and also interrogation of the right ventricular outflow tract with a sizing balloon. We have noticed important differences of up to 4.7 mm between cardiac magnetic resonance and angiographic balloon measurements. Undersizing may lead to possible migration of the valve. Therefore, in order to prevent valve migration, the implanted valve diameter should be about 2-4 mm larger than the maximum diameter of the main pulmonary artery on balloon interrogation. This allows Vol. 26, No. 4 the middle segment of the stent to oppose to the wall of the main pulmonary artery, thereby reducing the possibility of paravalvar leaks. In addition, the length of the middle frame should, whenever possible, match the length from the right ventricular outflow tract to the pulmonary artery bifurcation to allow the proximal and distal flares to be opposed to the pulmonary artery. For the valve deployment, it is preferable to start uncovering the distal flare of the valve in the proximal left pulmonary artery. Check angiograms are performed frequently, and the covering sheath of the valve assembly is gradually withdrawn until the distal flare is fully open within the main pulmonary artery at the bifurcation before deploying the rest of the valve. Once the middle part of the stent has been uncovered, it may not be possible to advance the valve, because the distal flare is fully expanded. Furthermore, at this stage, close monitoring of the haemodynamics is crucial, as the valve may need to be completely deployed quickly. This is because, for a short period of time, there is very little forward flow around the stent and there may be a low cardiac output. In our patients, one (patient #6) had incomplete detachment of the valve and the delivery system after it was fully uncovered, causing unintentional valve migration a short distance into the right ventricular body. In order to avoid this problem, attention must be paid to the appearance of the proximal flare in two different fluoroscopic planes, in order to ensure the release of the attachments before attempting removal of the assembly. When the proximal flare of the valve is not fully expanded, (Fig 7) , gentle clockwise/counterclockwise rotation of the handle of the delivery system may allow the "ear" of the valve to detach completely from the delivery system.
The early follow-up of the Venus P-valve TM function has been excellent. Our experience is similar to that reported by Cao et al. In their early experience with five patients, a mean follow-up time of 3.4 months demonstrated satisfactory results of the valve integrity and function, similar to our group of patients. 6 Out of our six patients, five had a significant reduction of the right ventricular enddiastolic volume index and there was improvement of the right ventricular function on follow-up cardiac magnetic resonance studies. These results are comparable with the early outcomes after Melody valve and Edwards SAPIEN valve implantation in the pulmonary position. 16, 17 The timing of intervention in the presence of severe pulmonary regurgitation is still under evaluation. Harrild et al 18 reported that late pulmonary valve replacement for symptomatic pulmonary regurgitation and right ventricular dilation did not reduce the incidence of ventricular tachycardia or death. Replacement of the pulmonary valve at a right ventricular end-diastolic volume index of <150 ml/m 2 may lead to normalisation of the right ventricular volumes, improvement of biventricular function, and sub-maximal exercise capacity, as described by Frigiola et al. 8 Interestingly, in a recent study, patients after the repair of tetralogy of Fallot, who were free from pulmonary valve replacement in the long-term follow-up, had a mean right ventricular end-diastolic volume index of 101 ml/m 2 . 19 In our small series, two patients, who had right ventricular end-diastolic volume index of >150 ml/m 2 , had no improvement in right ventricular ejection fraction on follow-up; however, those in whom the right ventricular end-diastolic volume index was <150 ml/m 2 , and who had an ejection fraction of <45%, there was not only an important reduction in the right ventricular end-diastolic volume index from a mean of 132.2 to 89.5 ml/m 2 but also an improvement in the ejection fraction from a mean of 42.0-53.1% (Fig 10) . In the future, pulmonary valve replacement should be considered before the right ventricular end-diastolic volume index exceeds 150 ml/m 2 .
Stent fracture is one of the major concerns after percutaneous pulmonary valve implantation. In a series of 123 patients, who underwent Melody valve placement, Nordmeyer et al 13 reported an incidence of stent fracture of 25% at the 2-year follow-up. With pre-stenting, this incidence has reduced. 20 In a series of 22 patients with the Edwards SAPIEN TM pulmonary valve, during a short-term follow-up of 5.7 months, there was no stent fracture. 17 In our small series, no pre-stenting was performed, and there was no stent fracture on fluoroscopy or structural valve failure at the 6-month follow-up. The Nitinol skeleton of the Venus P-valve TM allows the valve skeleton to adapt to the curvature of the main pulmonary artery with less tension on the framework. There may be less external compression forces on the valve skeleton in the dilated and non-obstructed right ventricular outflow tracts than in stenotic or calcified conduits; however, studies on a larger number of patients and longer follow-up are needed to evaluate the stent integrity and the valve function.
Conclusion
This study reports the feasibility and the early followup of successful Venus P-valve TM implantation in patients with severe pulmonary regurgitation after previous correction of tetralogy of Fallot, in whom a transannular patch has been used. The valve design expands the scope and the feasibility of percutaneous valve implantation in the larger outflow tracts, which are limited with the currently available percutaneous valve systems. The Venus P-valve TM is durable in the short-term and has not shown any stent fracture or valve malfunction at 6 months after implantation. Further long-term studies are warranted.
